Abstract -An analysis method is developed for modeling of multi phase cage induction motors with asymmetxy in the stator, arising due to an intertum fault Resulting in a disconnection of one or more coils making up a portion of a stator phase winding and any distribution and number of rotor bar and end-ring failures. The approach. based on the winding functions. makes no assumption as to the necessity for sinusoidal MMF and therefore include all the space harmonics in the machine. Simulation and experimental results confirm the validity of the proposed method.
I. INTRODUCTION
The induction machine can operate under asymmetrical stator and/or rotor winding connections during such conditions as:
-intertum fault resulting in the opening or shorting of one or more circuits of a stator phase winding.
-abnormal connection of the stator windings.
-broken rotor bar or end-ring.
Asymmetrical operation of induction machines result in unbalanced air gap voltages, consequently unbalanced line currents, increased losses, increased torque pulsations, and decreased average torque [l-5. 7-8, 131. Consequently, asymmetrical operation of induction machine results in poor ef3ciency and excessive heating, which eventually leads to the failure of the machine. Therefore, characterization and accurate prediction of the degradation of the performance of the induction machine under such conditions is of considerable importance.
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The transient analysis of the induction machine with asymmetrical rotor cage is also important for on line monitoring of large motors. The problem of effectively modeling the asymmetries in the stator and rotor with the concomitant effects of space harmonics is of increasing importance for studying the degradation of the performance of induction motor drive systems and for on line monitoring of large motors. With the increased use of inverter supplied induction motors for adjustable speed drives (ASDs) systems, characterization and accurate prediction of the degradation of the transient performance of the motor drive system arising due to the asymmetrical stator and/or rotor winding connections, has become of significant importance. This is because of the necessity of accurate determination of the additional derating required of the motor, due to the adverse effects of non sinusoidal impressed voltages.
The existence of space harmonics is well known to have a significant detrimental effect on the steady state and transient characteristics of the machine, such as significant torque pulsations which may cause cogging and cra&ng. Since the existing approaches lack the ability to predfct the derating of the machine required due to the adverse effects of the space harmonics, the Winding Function Approach (WF'A) is used which accounts for all the space harmonics in the machine.
The transient analysis of the induction machine for the case of rotor asymmetry, resulting due to either a broken rotor bar or broken end-ring, has in general received less attention than the case of stator asymmetry due to the complexity of modeling. Weichel and Mishkin 11.21, discuss the case of rotor asymmetry arising due to the broken endring for a squirrel cage induction machine. Steady state analysis of the induction machine for the case of rotor asymmetry, due to broken rotor bars has already been reported in (3-51. b a d on the method of symmetrical component theory and in [SI. using dqn theory. As already mentioned. this analysis is based on the assumption of the absence of higher order space harmonics in the machine and can not accurately predict the transient characteristics of the machine. Thus, to the authors' knowledge tools for the transient analysis of the induction machine for the case of rotor asymmetry. due to a broken rotor bar and/or end-ring are not available. A computer based instrument for detection of broken rotor bars and open end rings in squirrel cage induction motors has been reported in 171. The adverse effects of broken rotor bars in squirrel cage induction motors are excessive vibration, noise and sparking during starting. These effects become noticeable when the fault in the rotor has substantially grown to involve several broken bars, making the detection of one broken rotor bar in the machine, as mentioned in 171 a very difficult task.
In a previous paper 181 a study of multiphase induction machines under phase impedance unbalance conditions was given. In this paper a comprehensive analysis of multiphase cage induction machines under stator or rotor asymmetries is presented.
Modeling Induction Machines with m Stator Phases and n Rotor Bars
In 19-10] the differential equations predicting the performance of an m phase induction machine with n rotor bars were derived. This model is based on coupled magnetic approach by considering that the current in each bar is an independent variable. The effects of non-sinusoidal air-gap MMF produced by both the stator and the rotor currents have been incorporated into the model. This approach has been successfully applied to predict the performance of induction and synchronous reluctance machines 11 1 -121, with multiple phases and general winding connections such as concentrated. concentric and multiple layer with different pitch factor, including space and time harmonics.
Consider initially a general m-n winding machine with the following assumptions, -negligible saturation -uniform air-gap -m identical stator windings with axes of symmetry -n uniformly distributed cage bars or identical rotor windings with axes of symmetry such that even harmonics of the resulting spatial winding distribution are zero -eddy current, friction, and windage losses are neglected -insulated rotor bars The cage rotor can be viewed as n identical and equally spaced rotor loops. For example, the first loop may consist of the 1st and &+l)th rotor bars and the connecting portions of the end rings between them, where k is any arbitrarily chosen integer ( l s k n ) and the second loop consists of the 2nd and (k+Z)th rotor bar and the connecting portions of the end rings between them and so on. For a cage having n bars, there are 2n nodes and 3n branches.
Therefore. the current distribution can be specified in terms of n+l independent rotor currents. These currents comprise of the n rotor loop r currents ($plus a circulating current in one of the end rings (ie). Obviously, in a motor with complete end rings, (ie) would be equal zero. The n rotor loop currents are coupled to each other and to the stator winding, through the mutual inductances. However, the end ring loop current does not couple with the stator windings, and couples with the rotor loops currents only through the end ring leakage inductance and the end ring resistance.
Stator Voltage Eauations
The voltage equations for the stator loops can be written as, 
. sn, The representation of an induction machine with a cage rotor is fundamentally the same as one with a phase wound rotor where it is assumed that the cage rotor can be replaced by a set of mutually coupled loops. One particular advantage of this approach is that it is also applicable to cage rotors with non-integral numbers of rotor bars per pole pair. From 'irk
Calculation of Toraue
The mechanical equation of motion depends upon the characteristics of the load which may differ widely from one application to the next. We will assume here, for simplicity, that the torque which opposes that produced by the machine consists only of an inertial torque and an extemal load torque which are h o w n explicitly. In this case the mechanical equation of motion is simply, 2 grm 7-
where TL is the load torque, and Te is the electromagnetic torque produced by the machine. The electrical torque can be found from the magnetic coenerB Wco as,
In a linear magnetic system the coenergy is equal to the stored magnetic energy so that, I t I t l t t I t 2 s s s s 2 s s r r 2 r s r s 2 r r r r
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It is obvious that Lss and L, . contain only constant elements and Te is a scalar quantity. Therefore, after some matrix algebra, the torque equation reduces to the final form where P denote the number of motor poles and er is the rotor displacement in electrical radians.
Calculation of Inductances for the Induction Machine with One of the Two Coils in One Phase Disconnected All of the relevant inductances for the induction machine can be calculated using the winding function method given in [SI. The specific machine studied in this section to verify the theory is a three phase, 1 hp, 60 Hz, 4 pole, 208/460 V induction machine. The machine has 36 stator slots and 44 rotor bars. This machine has two coils per phase and the stator winding asymmetzy is caused due to the disconnection of one of the coils in phase c.
Flgure 2 shows the turn function or the MMF distribution of the stator phases for the case of the balanced machine and for the case of stator winding asymmetry in phase c. Table 1 gives the mutual inductances between the "healthy" phase a of the stator and rotor bar 1. Note that the mutual inductance between the phase b and rotor bar 1 is the same as given in Table 1 but shifted to the right by 6y where y is the angle between two stator slots in radians. Mutual inductance between phase a and rotor loop 2 is the same as given in Table 1 , but shifted to the left by a where a is the angle between two rotor slots. Figure 3 shows the variation of the mutual inductance of the stator phase with rotor loop, with respect to the rotor position. Table 1 Mutual inductance between the "healthy" phase a of thestatorandrotorloop1.
Calculation of Inductances for the Induction Machine with Rotor Bar and End-Ring Faults
The machine analyzed in this section is a three phase, 7.5 hp. 60 Hz, 4 pole, 460 V induction machine. The machine has 36 stator slots and 28 rotor bars with two coils per stator phase. Figure 4 (a) displays the turns function for rotor loop 28 and Figure 4(b) illustrates the turn function for rotor loop 27 for the case that bar number 28 is broken.
As can be seen from the turns function diagrams, the detailed modeling of the machine has been done considering each stator slots and each rotor bar and rotor loop. and no approximations such as the windings being concentrated under a pole face are done. For the specified applied stator voltages, the currents in each rotor loop. stator phase currents, stator and rotor fluxes, torque and speed are computed. 
Simulation Results
The specification of the induction machines simulated are as given in the appendix. Simulation of the stator winding asymmetry due to the disconnection of one of the two coils of the phase c, and for the rotor asymmetry due to a broken rotor bar, are given for both the balanced sinusoidal voltage supply (208 V rms) and six-step voltage source inverter supply (vde269.7 V). A no load operation has been assumed for all the cases. Figure 5 shows the instantaneous electromagnetic torque, speed and the phase currents of the machine during a start up for the case of the balanced sinusoidal voltage supply and stator windings. Figure 6 illustrates the asymmetrical operation of induction machine. An increased current in the phase c of the machine during transient and steady state conditions is obvious. This rise was noted to be approximately 40% compared to the symmetrically balanced case. Figure 8 illustrates the electromagnetic torque, speea and the phase currents of the machine for the case of four broken rotor bars and one broken end ring, during a start up with a balanced sinusoidal voltage supply. It can be observed that the effect of four broken bars and single end ring on the machine phase currents in the transient and steady state is very noticeable.
It is important to note that the effects of space harmonics as simulated in this paper, typically result in torque pulsations.
However, the winding functions are modeled with sharp edges thus the effect of space harmonics are accentuated, Therefore, the higher frequency components observed in Figures (5-7) would not be present in the real machine.
Figure 9(a) shows a frequency spectrum of the stator current at steady state for the loaded machine. Figure 9(b) represents the spectrum of the stator current when four bars and one endring segment are broken. A marked increase in the lower sideband of first harmonic (LSB1) which is (1-2s) times the synchronous frequency, 55.6 Hz at 1725 r/min, is obvious [7] . This harmonic can be used to detect the rotor failures a s found by other authors I3.7.141. 
V. CONCLUSIONS
The equations describing the performance of multiphase induction machines during the transient as well as steady state behavior including the effects of stator asymmetry, broken rotor bars, and broken end rings have been derived in this paper. Space harmonics have been included in deriving these equations.
Equations for calculation of electromagnetic torque have also been modifled to account for non sinusoidal air gap flux distributions. To illustrate the utility of this method, two different induction machines with stator and rotor asymmetries with balanced sinusoidal voltage supply have been simulated. Comparison of simulation and experimental results have verified the accuracy of the proposed method.
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